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ABSTRACT

The accurate measurement of hed shear stress has been extrerely
cdifficult due to its chancing values until Vhite propounded a thecry
which would give constant shear along the hed of a flume. In this
investigation a flume has been designed accordinc to VWhite's theory

and by two separate methods proven to give constant shearino force

along the hed.

The first method arplied the Hyvdrogen Rubhle Technicue to obtain
accurate values of velocity thus allowing the wvelocity rrofile to ke
rlotted and the momentumr at the varicus test sections to be calculated.
The use of a 16 mm Beaulieu novie camera allowed the exact velocity
profiles created by the hydrocen bubbles to he recorded whilst an
analysing projector gave the means of calculatinc the exact velccities

at the various test sections.

Simultaneously Preston's technicue of measuring skin friction
using Pitot tubes was applied. Twc banks of open ended water mancreter
were used for recordino the static and velocity head pressure drcp
alono the flume. This tvpe of mancreter eliminated air locks in the

tubes and was found to be sufficiently accurate.

Readings of pressure and velocity were taken for various tvres and
diameters of ked material both natural sands and class srheres anc the
results tabulated.

Craphs of particle Reynclds Numker against bed shear stress were
plotted and cave a linear relationship which dropped cff at hich velues

of Reynolds Number.



It was found that bed movement occurred instantaneously alonc the
bed of the flume once critical velocity had been reached. On completion
of this test a roof curve inappropriate to the bed material was used
and then the test repeated. The bed shearing stress was now no longer
constant and vet bed movement started instantaneously along the bed of
the flume, showing that there are more parameters than critical shear

stress to bed movemrent.

It is concluded from the two separate methods applied that the

bed shear stress is constant along the bed of the flure.
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CHAPTER T

Introduction

It has been appreciated for a long time that the shear stress at
the bed of an open channel is an important parameter which determines
the discharge through it. In natural open channels where the bed is
composed of mobile material the ked shear was determined hoth by their
form and their moverent. This belief led Shields, Lane and cthers to
propose shear stress as the major criterion for bed mcoverent. To
confirm this experimentally would involve the measurerent of instan-
taneous shear stress at the mobile hed, as it is well-known that the
shear stress in any natural or laboratory chennel varies zt anv point

alonc the bed. C. M. White(38)

while trvinc to establish criteria
for the movement of sand particles in the bed of channels found the
drag force, caused bv bed shear, to ke the major factor. He then, in

wanting to study the hed shear, cdesicned what he called a Constant

Shear or Drac Nozzle.

The purpose of this nozzle was to cdevelop a constant shear stress
along the bed of the channel. Fe used Prandtl's "Mixino Lencgth Theorv"
and dependinc on the size of particles on the bed thecretically
developed a shape for a two dimensional nozzle. This he used to

confirm his hypothesis of sand orain moverent.

He, however, did not confirm corpletelv that the nozzle met all

the requirements that it was designed for.
Tt is the aim of this study

(a) to check and develop the two dimensional nozzle for
different hed materials both artificial and natural;
(b) to confirm that the design criteria are fulfilled

alona the nozzle;
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(c) to confirm that a constant shear stress is developed
along the nozzle for anv flow, but different for
different rates of flows;

(d) if the threshold shear stress criterion is reached,
whether there was uniform movement of particles

along the channel.

Based on White's assumntions depending on the material chosen it
was found that a different profile results in each case. The asuthor
constructed five different profiles as civen in Chapter IV for uniform
artificiel material 1, 1%, 2 and 3 mm diameter and nastural material of

%, 1, 1% and 3 mm mean diareter.

These nozzles were tested for different rates of flow, In trvinc
to confirm the hypothesis for the desion it was necessary to reasure
the velocity distribution at various stations alonc the lencth of the
nozzle. Attempts were macde by the author to measure this at five
eguidistant locations as shown in Fig. 1 usinc a photographic technicue.
This meant photographing Telcon particles injected into the mein stream
and cktaining the streak left by this particle for a fixed pulse tirme.
It was hoped that bv rmeasurinc this lencth of streak it would he possibl
to obtain the velecitv. This methed was ahandored as it was difficult

to identify these particles on the print of the photocrarh cbtainec.

The author then decided to try applving the hydrocen hubkle tech-
nique for the measurement of velocities. Stainless steel tubes are
used as anodes as shown in Plate 1 at five different locaticns and the
bubhles were then photocraphed usina a cine camera. The“stills”
ohtained from these movie films Plates 2-3 cive clearlv the velocity
profiles at these sections. From these photograrhs, as civen in
Chapter VI, the momentum and discharces have been carputed and used to

verify the hyrothesis civen in Chapter IV for the design of the nozzle.
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This nozzle was desioned to give constant shear, and according to
hypothesis given in Chapter II7, the loncitudinal pressure cradient has
to he a constant. C. M. White made attempts to measure this. Th
author tried to measure this using wicro-mancmeters with carbon tetra-
chloride as the measuring fluid. This atterpt did not succeec due to
the inability to kleed the manoreters successfully. Hence it was
decided by the author to use inclined tube water manometers tc measure

the static pressure differences at these sections as given in Plate ©

It was found bv the author that this proved successful and tended

to confirm the oricinal hypothesis as a hasis for desion.

In the original nozzle as desianed by VWhite, nc sericus attempts
were made to measure the instantaneous values of the shear stress along
the bed of the channel. It was therefore proposed to use sare cf the
techniques used for the measurement of shear stress in air over smooth

boundaries to water.

(25)

The method used was similar to that used by Preston as shown
in Plate 4. The results obtained fram these experiments as ¢iven in
colurns 3-6 of Tables 1-9, Chapter V, confirmed the constancv cf shear

stress according to the theorv civen in Appendix E.

In order to confirm whether this was true the author used a
different sized material for a nozzle designed for another size and
the results obtained using the above technicue gave non constant values

of bed shear.

The results obtained from all the akove experiments were analvsed
for momentum, boundary layer crcwth, constancy of bed shear, according
to the theory given in Chapter IIL. The conclusions obtained from

these are given in Chapter V.



CHAPTER TI

2.1, Development of Boundary and Associated Wall Shear Stress

2.1.1. Laminar Boundary Laver

An ideal non-viscous fluid ideallv experiences no force on the
boundary whilst in the case of a real fluid bodv experiences drag which
early theorjes could not analyse. This could be due to forces of
friction on the boundary, and the form of the houndary, whose surface
could he recular, irrecular and smooth or rough. The changes in
morentum are confined to a thin laver close to the koundary callecd the
boundary laver. If fluid in two dimensional flow flows over a bouncary
this laver, which from the first instant should he zero, tencds to crow
parabolically. The orowth of this laver is a function of the chance of
momentum, the thickness of the layer growincg as the romentum increases,
the momentum change being itself a function of the shear stress in the
boundary laver. Two dimensional leminar and turbulent motion were first

(26)

analysed by Prandtl (1904) when he forrulated two dirensional

ecuations governing the performance of the koundary laver.

In laminar flow it is possible in certain cases, as indicated by

(30) (1)

Schlichting , to calculate the wall shear stress. Plasius chtaine

the solution to the equation of the boundary laver in the form of a

(24)

series expansion, whilst Polhausen at a later date demcnstrated that

if a stream function is introduced the resultinc partial differential
equation can he reduced to an ordinarv differential ecuaticn by a
sirilarity transform. Simplified forms of the boundarv laver ecuation

(lO), vhilst experimental work by

were also obtained by Falkner and Skan
Kempf(l7) also in 1922 showed tolerakle agreement with experimental

results.
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2.1.2. Turbulent Boundary Layer

Beyond certain velocities there is a hreakdown of laminar flow,
and the theoretical valuations would not he true. From concepticnal

dirensional reascning it can ke shown that ¢ the boundary laver thick-

) 27,

N

ness 1s a function of the square root of the Pevnolds Nurker (R

M

2.1.3. Ppparent Turbulent Friction

In this type of turhulent motion the shear stress asscciated with
it is again due to transfer of momentum in the longitudinal ané trans-
verse directions. The transfer of energy is difficult to treat

theoretically, but Osborne Reynolds(27)

introduced the fundamentallv
inmportant concept of apparent or virtual turbulent friction as earlv
as 1880. Reynolds alsc derived ecuations for shear stress at the hed
and walls of a flure and these first derivations of his are still the
fundamentals of more advanced series. 2 camclete calculation of the
boundary laver for a given body with the aid of differential ecuaticns

(18)

is in manv cases extremelv curbersome and von Karman devised a

morentun integral method to simplify the soluticn. In this methed the

mean is taken over the whole thickness of the boundarv laver. The

point of separation itself is determined, and indeed defined, hv the

condition that the velocity oradient at the wall shoculd vanish, i.e.
du

— = 0
dy

at separation.



2.1.4. Correlation Coefficient Concept

Schubauer and Klebanoff(Bl) in their investigation into the separ-
ation of the boundary laver came to the conclusion that energy is
transferred from larcer to smaller flow regimes ry the means of large
eddies and these larcge eddies account for the averace shearing stress.
They found that shearing stress per unit enerav is ruch like the
correlation ccefficient and would be fwe—thirds of u v/u'v' if u', v’
ana w' were all equal. The correlation coefficient R = thev defined as

J
the transverse coefficient egual to uluz/uiué where subscripts 1 end 2
refer to positions vy, and v, whilst P..X was the longitudinal coefficient

referring to the positions of x.

They found a oreat difference between laminar flow shear stress
and turbulent flow shear stress. 1n laminar flow the shearing stress
is directly proporticnal to the local velocity gradient. In turbulent
flow the shearing stress may rise abruptly for scarcely any change in
the local velocity gradient and again fall with increasing velocity
cradient. This illustrates the difficulty of adopting the concepts of
viscous flow in turbulent flow. The difference ray arise because
turbulent phenorena, wnlike molecular phenomena, are on a scale of

space and velocity of the sare order as that of the mean flow.

2.1.5. Drac coefficient Fouation

Schultz-Grunow(BB) found that the application of locarithmic laws
of velocity distribution for turbulent pipe flow to the free friction
laver did not afford a satisfactory resistance law to acree with plate

draq measurenents. e therefore deermed it desirable to explore the

velocity distribution in the free friction laver and check the drag

measurenents. W?d@d@dﬂ@rmmmum,&sﬂammmtamiﬁﬂﬁxml&@r

thickness obtained from the velocityv measurerents and found that onlv @



minor correction was disclosed by recalculatinc the plate lencth from
the friction layer thickness cbtained in the foremost test section by

the old power law, which at small Peynolds nurnkers corresponds to

reality quite well.

The momentum thickness & he found could be tied to the drag
coefficient throuch an eguation so that the drag coefficients can ke
determined from the measured momentum thickness. He found this deter-
mination not to be accurate encuch and hy a mathermatical analvsis of
velocity profiles went on to propose new forrulee for the drag constant
dependent on the value of the Reynolds Nurker. The form of these
ecuations corresponced closely to the form of approximate formulae

proposed by Prandtl.

2.1.6. Artificially Thickened Bouncary Laver

Klebanoff and Diehl (1951)(20) carried out an investigaticn to
determine the feasibility of artificially thickening a turbulent
houndary laver. They discussed features of the fully developed
rurbulent boundary laver with zero pressure cradient. The then lack
of satisfactory thecry for +urbulent shear flow directed their attention
to the cuantitative measurement of the characteristics of turbulence in
chear flow as a reans of obtaining information on which to base a theory
yuch of the theoretical work that has been done on the turkulent
bhoundarv laver is pased on the application of the locarithmic laws of
velocity distribution Jerived for flow in ripes and channels. These
involve the adoption of the mixing—lencath concept, a form for the

shearing-stress distribution, and the omission of the influence of

viscositv on the turbulence.



They compare their experimental results vith wall-proximity law
and the velocity-defect law for the velocity distribution. The value
of V, in their measurements was determined from the measured velocity
profile by means of the von Farman rmomentum ecuaticn. In contrast
with the measurements for pipes and channels, they found that there
is a systeratic increase in the deviation fram the logarithmic leaw as

Reynolds nurker decreases.

2.1.7. Iocal Friction Coefficient CF

Because of the unsatisfactory state of knowledge concerning the
surface shearing stress of boundarv lavers with pressure gradients
Ludwieg and Tillnann(23) re—examined the problem. They found that the
wall shearinc stresses in a laminar boundery layer could ke corrputed
on a strictly theoretical pasis since the relaticnship ketween velocity
prefile and shearing stress is known. This procedure, however, cannct
be applied to the turbulent boundary lavers since the relaticnship for
the shearing stresses cue to turbulent exchance is still wnknown, Some
investigations have been made also on boundarv layers with pressure
gradients, both accelerating and decelerating, but the data on wall
friction are either absent or partly unsatisfactory. The wall shearing-
stress was determined from the measured velocity profile by means of
von Karman's momentum equation(lg). One substantial dravback of the
experimental set up was the narrowness of the flow carrpared to the
boundary laver thickness. This is likely to produce secondary flows

which cancel the bNo—dimensionality of von Karman's momentum ecuation.

From the results obtained by previous investigators of pipe and

plate flow, Ludwieg and T11lmann decided that Cf. the local friction

cocfficient depends only on the velocity profile and the material

constants of the flowing tedium. That is, that if the velocity profile



is known, Cf, can be computed.

The results of previous investications for plate and pipe flows

were used to derive fundamental formulae regarding friction drac.

(a) The velocity profile of the boundary layer can ke

represented in the form

u Yy
- = af— . R’ (1)
U 8,

(u = velocity in houndary layer.
U = velocity outside kboundary layer.

y = wall distance);

u u
8o = - {1 --\a = momentum thickness of boundary layer
U U
o
P
Re = U — = Reynolds nurber of boundary layer formed with
vV

momentum thickness &5;
v = kinematic viscosity.
Quantity g in equation (1) is a fixed function which, however,

is different for plate, pipe or channel flow. The dependence

u
of — on Re is very small, that is, the wvelocitv profiles

U
differ very little for different Reynolds Nurbers.

(p) The local friction coefficient Cf, can alwavs ke represented

in the form

Cer = F(R,)

p 2 2 - s
=1 /M~U; 1,7 wall shearing stress; ¢ = densitv) .
o

(c . o

fl

Ouantity F is again @ fixed function for plate, pipe and

channel flow; F can ;e computed for plate flow bv the momentum



ecuation when ¢ is known, hecause the totel friction drac

appears as loss of momentum in the boundarv layer.

(c) For the part of the velocity profile near the wall the relaticn

(3)

was obtained{ u, =

T

o)

— = shearing stress velocity)

P

This relation holds true with the same function f for the

part of plate, pipe Or channel flow next to the wall.

Provided that

values are not too small (fully turbulent
%

u, vy

zone >50), equation (3) cen ke replaced very accurately

vV

by the approximate formula

u u, v
- = a log
u, v

+ b (3a)

vhere a and b are universal constants. The logarithmic law

can be approximated by a power law

1/n
u u, y
- = C (3k)
U, v

where C and n are constants which are still sarewhat dependent

o Y zone for which the approximation is especially

on the
Vv

good.

With the validity of the law governind ecuations (3) and
(3a) proven bv experimental means it is possible to sav that
4 relocity profile
u, and hence, T, and Ceq depend only on the velocity P

and the material constants of the flowina mediim.



They found that for boundary lavers with pressure gradients
their value of Cf, did not agree with results obtained by
previous experimenters. Therefore they modifiec their
theoretical derivation regarding layers with a pressure drop

and arrived at cocd agreement with experirental data.

Their work on houndary layvers with pressure cradients
also disproved earlier claims, by previous workers, that the
rise of friction coefficient to a multiple of that for plate

flows in a boundary with a laminar laver.

2.1.8. Adverse Pressure Cradients

9
Sandborn and Slogen (1955)(2‘) investigating the momenturm distri-
pution in a turbulent boundary laver found that gocd agreement existed
hetween skin friction values obtained by instrurent measurerent ancd the

evaluations of the Ludwieq—Tillnan.empirical ecuations. Trev found,

rowever, that previcus investicators like Schubauer and Klebanoff(3l)

were cettinag inconsistencies in the shear distrikution. They found
that other experimenters haé also been confronted vith inconsistent

wall shear stress evaluations.

They found that several methods were available for the evaluation
of the wall shear stress; rence after an evaluation of the rethods and

taking into account the necessary 1imitations on each thev concludec
. . (23)
that the empirical ecuation of Ludwieg and Tillman

_0.678y _-0.268
et = 0.246 x 10 R,

aives very qood acgreerent with measurements. Attenpts to predict shear

distribution throudh the turbulent bowndary laver had been larcely

enpirical by nature so thev locked at the means available for assessing

4 simple and vet accurate method for determining the shear distribution.
a simple @ ~ accurat



Pnalysing their measurements in turbulent boundary layers with
adverse pressure gradients they came to the followinc conclusions.
At all pressure gradients good agreerent was obtained for the value
of skin friction determined from the Ludwieg/Tillmann<23) relation and

those measured with their heat-transfer-skin friction instrurent.

Use of the measured distributions of turbulent shear stress -o v

oV
and viscous shear stress pu — to predict the wall shearing stress
3y

acrees rouchly with the values obtained from heat-transfer measurerments

or predicted by the Ludwieg-Tillmann equation.

Measurerents indicated that there is a sub-layer yvithin which the

5T P,
o7
total sheer stress obeys the relationship — =-— vhere 1 is the

A X

total shear stress and pw'is the static pressure at the wall.

u U,
The wniversal relation — against y — (where U is the local
U v
*

rean velocity, U, is the shear stress velocity, and v the kinematic
voscosity) that has been cbserved by many workers was found to hold
near the wall and the total shear distributionspredicted by use of this
universal relation were found to agree cualitatively with the distri-

rutions obtained from the measurements.

2.1.9 Adverse Pressure Gradients

~ e

(3)

Clauser (1953) also made a thorouch investigation into Bouncary

Layers with Adverse Pressure Cradients and comparec his results for

turbulent and laminar flow. Tn spite of the creat technical inportance

of turbulent separation he found that the knowledge of the action of

i sele ' : » r worthy of the name
pressure gradients was I r. Tirstlv, no theory \ \



exists for any turbulent shear flow., Secondly, several erpirical

rmetheds exist for predicting the effect of pressure gradients on
turbulent boundary layers, hut exverience indicates that none of them

are reliable. They do little but correlate the data on vhich they

vere originally based.

Clauser found that in turbulent layers the situation was not simple
as the profiles are not similar. At lower Revnolds nurbers the profiles
are roughly one-seventh power profiles whilst as the Reynolds nurker
increases they becore nearer one-eighth or one-ninth nower profiles.

Tt had been known for some time that if one abandoned U as a non

dimensionalizing velocity and measured velocities relative to the free

stream, using in its place U, the shear velocitv, then all

constant pressure turbulent profiles are similar.

Most methods of treating turbulent boundary lavers in adverse
pressure dgradients assume that the pressure oradients have no effect
on the skin fricticn. Ludwieg and Tillmann(23) and Schubaver and
Klebanoff(3l) showed that adverse gradients reduced Cffbut neither
oroup was able to make a quantitative statement about the relationship

ép
‘and — Farly in the course of his investication Clauser

of C .
£ ax

decided that pressure aradients have an unexpectedly larce effect on
skin friction., Even thouch his first pressure distribution had

relatively gentle aradients the skin friction coefficients were nearlv

ralf of those for constant pressure profiles at the same Revnolds

nunbher.

Clauser by combining the results of his work with those of others

in the field was able to present a relativelv complete picture of

furhbulent skin friction. It is of interest to give a camparison of

the results of the paper by Clauser with those of previous authors.



Since an understanding of turbulent processes under the ccrmbined
influence of shear and pressure gradients did not exist, analyses have

necessitated the momentum integral equation

ae Cf
N
ax 2

H+2) 0 dp

2 g dx
as a starting point. Since the romentum ecuaticn is not camlete in
itself, it is necessary to rake assumptions akbout hov the terms in

the equation are to be obtainec.

Tn sumrary, Clauser states that the experimental results ke
obtained show little or no agreerent with the predictions of other
workers. Since his experimental results were relatively simple anc
well defired he concludes that the field is still wice oren for the
advent of a reliable method of predicting the pehaviour of turbulent

layers under the influence of pressure gradients.

2.2. Direct Measurement of Shear Stress at the Wall

2.2.1. Measurenent of Drag TForces induced by Shear

(33)

Schultz Grunow in developing his new resistance law for smooth
plates decided for the sake of greater accuracy to make the measurements
in the wind tunnel whilst preserving the conditions of a free surface,
i.e. no pressure decrease and a free friction laver. For his experi-
mental measurements he used a new tvpe of klover orerated tunnel with
the lower horizontally placed wall carrving the surface to be explorec.

The tunnel height was €© chosen that the opposite friction layers were

always kept separate, and thus produced free friction lavers.

The upper wall of the tunnel was hinged and adjustable soO that

any prescribed pressure distribution, and for this purpose, alsc a




pressure equal to the outside pressure could be obtained to within
1/20th millimeter alcohol accuracy. The tunnel height therehy increasec
in flow direction according to the proportional growth of the displace-
ment thickness at the walls. This made the conditions in the tunnel

the same as on free surfaces.

The friction was weicghed directly on a rectangular test plate
mounted movebly in a sector of the principal plate. The test plate
reste on an arm in flexure pivots rotatable about a vertical axis.
The weicht is taken up by a float. BAside from the moment of the
friction force an opposite moment is applied in the hinge bv a wire
stressed in torsion. The wire can re twisted by a hand vheel until
it palances the moment of friction force and the scale arta is in the
neutral setting, which can be read opticallv. The torcue for the
related twist was calibrated so that the frictional force and hence
the local resistance could he ascertained.

This arrangerent, also uced for the same purpose by G. Kempf(l7),

is onlv practical where the pressure in the tunnel is the sare as in
the outside space. In any other case the slots in the sector necessary
for free movement of the test plate manifest flows which procuce
uneven suction and pressure on the plate edges and falsifv the

measurements.

2.2.2. Use of gmall Floating Elerents for the Measurerent of Shear

Stress

The principle of measuring wall shear stress v cutting from the
wall a small elemental piece, mounting it in such a wav that it can
nove freely in the direction of the wall stream lines, and measuring
the force on it is quite straightforward. Furthermore, since no

assurptions need to be made about the nature of the flow near the




wall, the method appears catisfactory for measurements in a three
dimensional situation. It was used by early investicators such as
17 . .
Kerrpf (1929)( ) for their studies of flat plate boundarv layers in
te _ (33) . (35)
water. Schultz-Grunow (1940) and Smith and Welker (1959)
have made successful measurements of the incorpressikle two-dimensional

(5), Ludwieg(zz),

flat plate boundary layer in air, whilst Dhawan (1953)
Tokkinen (1955)(15), Coles (1953)(4) and others have developed instru-
mente for flat plates at high Mach nurbers. However, seconcary effects,
associated mainly with the pressure agradient and the existence of an

air gap around the elerent have so far restricted the use of the

floating element technigue to zero pressure gradients.

Brown and Joukert (1968)(2), however, developed the floating
elerent principle so as to obtain accurate measurements of friction in
furbulent boundary layers. They show that the shear force on the
element is simply the product of the shear stress T and the element
area S but that to this shear force there should ke added two secondary

forces

(i) a pressure force imposed on the edge of the element
by penetration of the free-stream pressure into the
air gap. If a pressure oradient exists, a net
pressure Or huoyancy force on the element in a
direction opposing the pressure cradient results;

(ii) the pressure gradient resides causing a direct
pressure force on the elerment, will alsc cause &
pressure difference between the broundary laver
above any point in the air gap and the instrurent

case.

The element they designed and built for a three dimensional situ-
ation cave reasonable repeatakle results and did not depend on the

absence of pressure aqradients for efficient operation.




Smith and.walker(35) also used a floating element device to
rmeasure local surface-shear stress. They decided since little
was known about the effect of change of size of gap around the floating
elerent to construct a device whose elerent could be repositioned and
centered. Poth Schultz-Gruncw and Kerrpf used such a device while
Dhawan and others used a simple deflection-tyre instrurent. In their
wmit the floating element was repositioned by a small, poverful electrc-
macnet. The position of the element was indicated by a differential
transformer capable of indicating moverent of the floatino element to
an accuracv of a few nunéred thousandth of a millimetre. vhen the
position indicator showed that the floating elerent had startec to move
from its no—~load neutral position, the strencth of the electro-racnet
was varied until the element returned to its no-load neutral position.
Since the electromagnetic force was egual and opposite to the cdrag
force exerted on the element, the average surface-shear stress oL the
floating element could be deduced from the reasured electromagnetic

force and a predetermined calibration.

This shear stress measuring device was capable of indicating the
3
drag force on the element with a sensitivity of about 0.1 x 10  Newtons
=3
for a rance of force fram 0 to about 1.5 x 10 Newtens. The accuracy

of determininc the load under test conditions was pelieved to be within

+2 per cent of applied load throuchout the load rance encountered.

Tests were made to study the effects of small variations in
“flushness"of the floating element with the surrounding fixed surface.
Measurements of surface shear at identical test conditions were made
for a range of positions of the floating element, both cepressed below
and protruding above the fixed surface of the plate. It was found that
the floating element could be depressed as ruch as 0.002 millimetres
without any change in surface shear. However, when the element

protruded above the surface of the wall, there was & noticeable




deviation in the measured shear force. Consecuently, the surface
elenent was always maintained flush or slichtly below the surface of

the channel wall.

2.3. Indirect Measurement of Shear

Successful attempts by direct measurerent of the force on a srall
elerent of surface have been made for flat plates as= described in
previous peragraphs. Unfortunately the rethod needs creat care and 1is
not suitable as a general method of determining ckin friction on air-
craft in flight or on ships at sea, and even in the laboratory its

difficulties are formidakle.

J. H. Preston(ZS) in 1954 made full use of the experirental work

done by Ludwieg and Tillnann(23) vhen they established that, near the

u ¥/ Usx
surface — =1 . He focussed his attention on this ecquation
U, v

assuring it to be true in a limited region near the wall. This, it

seemed must imply a kind of local or restricted dvnamical similarity
in this region, for which Tor P v and scwe representative lencth are
the only variables. Thus by tracking a pitot tube along the surface
made it possikle for pPreston to convert the readings of such a tube

relative to the local static pressure into local skin friction. This
1ine of thought, in conjunction with the idea of a kind of restricted

dynamical similarity is developed in detail in Aprendix B.

Preston chose geometrically cimilar circular pitot tubes having as
nearlv as possible a ratio of internal to external diemeter of 0.6CC.
This ratio was chosen as previous work had been done, using this ratic,
to measure the displacement of the effective centre. Secondly, the
larger sizes of hyvpodermic tubino in stock have approximately this

ratio. Also preliminary experiments showed that it was important to




paintain a closely constant ratio of internal to external diameters and

to be careful about hurrs.

(35

) also made use of this

(25)

verv sirple technique developed by J. H. Preston ' . The pressure

In their investigations Smith and Walker

measured by the totathead tube in conjunction with the surface static
pressure reasured at the sare location alonc the rlate was celikratec
in terms of local surface-shear stress. They used tubing raving the

ratio of internal to external diameter of 0.600, i.e. having the same

provortions as used by Preston.

Brovn and Joubert(z) during the measurerments of boundary layer
friction also used the Preston tube technigue to carpliment the
measurements taken by a floating element. They found close acreerent
with their readings and noticed that poor alionment of the instrument

with the wind tunnel floor gave necligible effects on their readings.

2.3.1. Deducindg Shear Stress from Velocity Measuremrents -

Tndirect Method

(a) Pitct Tubes. By measurind the velocity of the fluid accuratelv it
is possikle to calculate its momentum and thus arrive at a value
for the shear stress. Many experimenters used this technicue,
measuring the velocity by pitot tuke also in conjuncticn vith sare
other method such as hot-wire anemanenters.

Schubauer and Klebanoff(Bl) in their investigation plotted
mean velocity distributions using a corbination of pitot tube
traverses with hot wire anermomenters. They mounted several
neasuring heads on various tvpes of +raversing ecuipment desicmed

for convenience, rigidity and a minimum of interference at a

point where a measurerent was being made.




Klehanoff and Kiehl(zo) also found that the pitot tube
traverses gave good measurerents of velocity. They also found that

they could check thelr readings using a hot-wire anerometer.

Hydrogen Bubbles. Many fluid dynamic investigaticns recuire

determination of the velocity field over an extended region of
space and single-point probe instruments (hot wires, pitot tukes
and so on) cannot provide velocity information simultaneously over
an extended region without the use of a large nurher of probes.
Fven the use of ten hot wires sirultaneously is soretimes
insufficient to resolve all the details needed in corplicated

time~dependent flovi.

The velocity measurement technique using hydrogen bukbbles was
described by Schraub et a1(32), but was refined for use in friction

(13). The technicue corbines the hvdro-

measurement by A. J. Grass
gen bubble generation and photography and Crass was able to
photograph the flow pattern carrying the rubbles 20 mm out from

the boundary.

2 very hich accuracy of velocity measurement can be obtained
this way and the analysis of the films is relatively simele and
not costly. Zn explanation of the experimental set WP usec is

agiven in Chapter TIT end further detailed enalvsis in 2ppendix A.




CHAPTER ITI

THEORETICAL DESIQ@I OF NOZZLE OF CONSTANT SHEAPR STRESS

3.1. Fully Developed Turbulent Flov

A fully developed turbulent flow may ke defined as a flow where
the velocity and the pressure at any point perform very irregular
fluctuations of high freguency through the mixing of very small

varcels of fluid (Pryden, 19393, Hinze, 1959) (16)

The first mathematical attack on this motion is cdue to Oshorne
Reynolds (1895)(27), who separated the instantaneous rmotion at any
point in the turbulent flow into two parts; a mean flow whose corpon—
ents are u, v, w, and a superposec fluctuating flow whose corponents are
u', v', w', the mean values of which are zero. As a result of these
fluctuations the fluid exhibits an apparent increase in the resistance

to deformation through what is called "apparent shear stresses”.

The methods available soO far for the calculation of turbulent
flows are based on hypotheses aimed at establishing a relatjonship
petween these apparent shear stresses and the mean values of the

velocity components.

3.1.1. Momentum Transfer Theory

In the kinematic theorvy of cases as discussed by Roberts (Heat
and Thermodynamics, 1933), viscosity is explained as & result of
momentun transfer from one laver to another, throuch the thermal action
of molecules. In turbulent fluid motion there is a similar Process of
transfer, though on a larger scale; the main difference being that the
kinematic theory of gases concerns itself with the sub-microscopic

rotion of molecules, whereas for turbulent flows the concept deals with




microscopic motion of lumps of the fluid particles which results in

momentum transfer from one layer of the fluid to another.

Prandtl (1925) in his theory for the transfer of momentum begins
by neglecting the viscosity effect on the turbulent process on the
basis that the additional turbulent stresses are much greater than
those due to viscosity. Consequently the eddying motion as Reynolds

showed will be controlled by such apparent shear stresses T.

«

T = "puv (3.1.)

where p is the fluid density. If uw and v and w = constant 1 = O, but

this formula gives t = constant &o # 0).

In developing this concept, Prandtl considered an element of the
fluid at e point A vhere the rean velocity is u as moving across the
flow a distance L called "the mixing length" without any change of
velocity and consequently without any change of momentum, to another
point B where it mixes with the surrounding fluid. Continuity demands
that such a mixing process takes place in both directions, and durindg
the process, particles from faster lavers of the flow will enter the
slower layers accelerating them and vice versa, and the mutual action

of this process is such as if friction were present.

du
If L is small, the velocity at point B will be <é + L ——-), where
av
du
—— is the velocity cradient in the direction Vv normal to the main flow,

dy
and consequently the displaced fluid element on arrival at B has a
du

fluctuating velocity component u', equal to ~ L{—
av

At this stage, to substitute for t in equation (3.1.) some assumn-
ption about v' has to ke made, and hence Prandtl assumes that v' may
arise from the fact that two elements of the fluid having different

velocities and occupying different positions in front of one another




may collide and move sideways from one another much in the manner of

solid hodies. Consecuently v ecuation (3.1.) will vanish vhere

au

7* ig ecual to zero, i.e. at points of mwaximm of minimum velocities,
&y

and this actually is not the case beceause +he turkulent mixing does not
vanish at points of raximum velocities (Fage, 1936; Laufer, 1953;
Klebanoff, 1954). To overcdre this difficulty, Prandtl (1242)

ry

introduced an alternative approximation for in the forr:

2 271
2 du 2 du 2 du
T = p L —_— + Iy | —3 - (3.2.)
dy ay dy

vhere L, is a new lencth to ke determined experirentallv. Eovever,
thig form is inconvenient for analytical purposes, and is of interest

only for proklems in which equation (3.2.) would fail.

3.1.2. Vorticity Transfer Theory

(36)

Tn his theorv for the vorticity transfer, Taylor , ascsures that
each element of the fluid retains the vorticity of the laver from which
it parted and not the momentumn as supposed in Prandtl's theory. This
assumption realises the fact that, in two-dimensional rotion, the local
differences of pressure do not affect the vorticitv of an element,
whereas they may affect its mamentum. Apart from that, Tavlor's theory

resenbles Prandtl's(26) theory in that an element is supposed te move a

distance L kefore mixing with the surrounding fluic.

For two—dinensional motion, the vorticitv of the fluid ¢ at anv

point can be expressed as:
3 3
al Vi

ay ax

vhere 11, and v, are the instantaneous conmponents of the velocitv in the



x and v directions respectively, and if the flow is uniform in the x -

du1
direction will equal % which varies with time.
dy

Neglecting the effect of viscosity, the ecuation of motion for

a two-dimensional flow takes the form:

1 op ou, ou, 3V,
- — = -— 4+ U] — + Vi — (3.4.)
p 09X ot oxX oy
91
where —— is the pressure gradient causing the flow.
[2):4

This equation can ke written conveniently as:

2 2
d Py 18] vy ouy oy, vy
- — —_— 4+ — 4+ — = — + V] |-
X o 2 2 ot oy X
2 2
0 P, u, vy auy
or -—— + + = — + 2V € (3.5.)
X P 2 2 ot

When the turbulent motion is uniform in the flow direction, the

ou] 3 2 2
time mean values of —— and — (v; + U ) will equal to zero; on
ot X
3P,
the other hand the temporal averages of — and of 2 vy . € will be
9x,

different from zero. Consequently equation (3.5.) takes the form:

1 9P .
_—— —_— = 2V€ (3-6°)
p 0oX

where the bar denotes the time average values.

Now, an element of the fluid is transferred from one layer to
another after travelling a distance L without any change in its
vorticity until it mixes with the new layer. This element will possess

d du

a vorticity greater by an amount - L — [ 5 — ) than that of the layer
dy dy




with which it mixes. Taking v as

the velocity fluctuation v', then:

- 2.
1 3P L du
R e = V'L -——-—2 (3-7')
p I dy
Bﬁ 9T
For uniform flow —z— thus:
X 9y
2
9T d u
— = p V'L ——E— (3.8.)
3y ay

which is identical with Prandtl's equation (3.12)

independent of v.

Vhen the

, only if VL is

rmotion is not two-dimensional, the vorticity corponents

are not conserved (

Coldstein, pp. 211) and hence thev are not trans-

ferable, but will change continuously due to

the action of the three-

dimensional turbulence field.

To account for this, Taylor (1932) in

his generalised vorticitv transfer theory

extended the original cne

to a three-dimensional case of flow,

but the new expression hecare

intractable for practical application.

(36)

To cain simplicity, Tavlor

rodified the generalisec

theory by assuming that the vorticity remains

conserved in a three-dimensional flow

, an assurption justified when

the turbulence is isotropic.

3.1.3.

von Karman's Similarity Hypothesis (1930)

According to this hvpothesis,

similar at all points in the flow

point only by a length scale and a velocity scale.

scale, Von Karman uses the shear s

scale he uses the mixing lencth L

the turbulent fluctuaticns are
field, and thev differ fraom voint to
For the velocity

tress velocity V, and for the lencth

(26)

due to Prandtl



To establish the dependence of the rixing length on space co~
ordinates, Karman assumed that it is independent of the magnitude of
the velocity, and is a function of the velocity distribution only.
To define this characteristic lencth scale, the ratio between the

first and second derivatives of the mean velocity was chosen, thus:

2
du au

L = vy — ——-2‘ (3.9.)
ay ay

where y is a constant to ke determined experimentally. 2 matheratical
arqurent to deduce equation (3.9.) is found in Schlichtinc's Boundarv

layver theory, 1955, pp. 392-393.

L 2 2
du du
T = pyYf| ™ -—j; (3.10.)
dy dy
2
du
and this equation is clearly invalid in regions where —— 1is zerc.
2
dy

3.1.4. Conparison ketween the Theories

Tn order to test which of the two theories, the momentum transfer
theory and the vorticitv transfer theorv, is most nearly correct, Fage
and Falkner(g) conducted a series of velocity and temperature
measurements in the wake behind a heated cylinder. These measurements
gave support in this particular case of flow to the vorticity transfer
theory, the predicted distributions of velocity and temperature acreeind

closely with those obtained by direct measurements.

As indicated bv Reynolds(27), the transpert of heat by turbulent
mixing is similar to the transport of momentum, and therefore the
terperature and velocity distributions based on the momentum transfer

theory will e similar. On the other hand, Face (1932) has shown that
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the vorticity transfer theory predicts different distributions for the
temperature and the velocity. Therefore in flows where the distributions
of temperature and velocity are similar, Prendtl's theory will offer a
better approximation such as in the case of the flow along plates

(36) theory will offer a better repre-

(Elias, 1929), whereas Tavlor's
sentation where the distributions of temperature and velocity are not
similar such as in the case of flow selected by Face and Falkner(B).
2 detailed comparison between the two theories is contained in

Goldstein(lz).

3.2. Concept of The Boundarv Layer

This concept was introduced by Prandtl(26)

who showed that the
flow near a solid surface cen be divided into two regions; a thin
region near the wall where the friction forces are of appreciakle
magnitude (boundary laver), and an outside recion where the friction
forces are negligible and where the theory of perfect fluids offers an
exact solution (potential flow). While there is no sharp limit between
these two recions, it is convenient for analytical purposes to assume

there is, and that friction effects are wholly restricted to the layer

whose thickness is 6.

Due to the retarding effect of the friction forces in the boundary
laver, there is an energy gradient across the flow, and this is
supposed to vanish outside the laver. The regionbof the retarded flow
hecomes thicker with distance in the downstream direction as more and

more fluid become affected by the friction at the wall.

The equations of motion for two-dimensional incompressible viscous

flow can be written in the form:

o u u 1 3P 3 u 2 u
— + u— + v— = -= — H + — (3.11.)

ot ox 3y p X ax Y
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and

ov ov Y 1 5P o Vv oV
—_— 4+ U— + Ve = = = — 4+ — 4t — (3‘11-)

ot 0X 9y p 8y o 3%

where u and v are the mean velocity corponents in the x and y-directions
respectively, P is the static pressure, and p and v are the density and
the kinematic viscosity of the fluid respectively. The accampanying

equation of continuitv is:

X oy

Prandtl simplified these equations by dropping the small terms and

finally he arrived at the form:

2
u ou 1 5P 3 u
1a— 4+ V— = == — 4+ vV (3.12.)
2
X oy p oX oy
which together with the continuity equation:
ou LAY
— 4+ — = 0 (3.13.)
X oy

and the boundary conditions at y =0, u=Vv = O and at v = «, u=10U are

guffient to describe the motion.

du
Tf we substitute for — by the shear stress T, then ecuation
dy
(3.12.) can be reduced to:
u ou 1 3P 1 ot
ua— + v = - - - + - — (3.14.)
9% 3y pdX p oY

which is valid for koth laminar and turkulent flows.
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3.2.1. BRoundarv Layer, Displacement and Morentum Thicknesses

The definition of 3, the boundary layer thickness is to a certain
extent arbitrary, because the velocity of the flow in the boundary
layer approaches that of the main stream asymptotically. However it
is often an advantage to have some nur erical limit and an arbitrary

valve such as u = 0.99 U will serve.

To avoid such uncertainties in the definition of the boundary
layer thickness, certain mathematical quantities which are more
accurately defined are usuelly used, such as the displacement thickress

d,, and the momentum thickness 0.

The displacement thickness is defined as:

5, = 1 - —\ay (3.15.)

<

and it indicates the distance by vhich the external stream lines are

shifted due to the formation of the boundary layer.

The momentum thickness on the other hand is defined by the

intearal:

6 = - (1 - =\ dv (3.16.)

and it is proportional to the loss of momentum in the boundary laver,

2 3 1
since p U 0 is the difference between the romentum of the mass inside

(oo}

the laver flowing with the potential velocity U, o Uy 5ﬂ u dy and
o
© 2
hetween the actual momentuw p 5~ u dy.
o
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The cuantities ¢, and 6 have the advantage that they are independent
of the upper limit of 6, since a negligible increase is oktained from

the integrals when extending the integration beyond the thickness § into

the main stream.

3.2.2. Von Karman's Momentum Ecuaticn

The solution of the boundary layer equations (3.12. and 3.13.) for
a given flow field is in many cases very difficult and time consuming.
Therefore it becomes convenient to possess at least approximate methods
of solution where an exact solution of the boundary layer ecuations

cannot be obtained with a reasocnable amount of work.

Most of these approximate methods are based on a momentum ecuaticn
which can ke derived from the equation of motion by integration. This

(18)

morentum equation was introduced by Von Karman and is valid koth

for laminar and for turbulent flows with or without a pressure gradient.

For a steady incarpressible two-dimensional flow, upcn integrating
the boundary laver equation (3.14.) with respect to v to v = h (greater

than 9) then:

where 1 is the wall shear stress. Substituting for v the cuantity
o

Y [ou
- g — } dy from the continuity equation, then:

90X
o)

3u Ju du du T
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Integrating bv parts we cet:

h n
9 au .

— (u(U-u)) dy + — (U-u) dv = — (3.17.)
ox ax - P
@]

which is the original form of the momentum ecuaticn. Since the values
of the integrals in equation (3.17.) do not depend on the limit h as
long as it is greater than the boundary layer thickness, h can be given

any value short of « provided it exceeds 6.

Now introducing the definitions of the displacement thickress and
the momentum thickness (eguations 3.15. and 2.16), ecuation (3.17.) can

be reduced to:

T d ) du
— = — (U8 + U0 —
P éx
or
% ds 6 dU
— = — 4+ - — (H+2) (3.18.)
oU ax U dx
6*
where H = — = a "shape" factor for the velocity profile. This is the
8
(14)

form of the morentum ecuation given by Cruschwitz (1931).

3.3. Universal Velocitv Distribution Law

The velocity distribution in a pipe or a rectancular channel can

be ohtained from the mixing length hypotheses as follows:

According to Prandtl's mamentum transfer theorv, the turbulent

shear stress 1 1is expressikle as:
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Assuming that t remains constant with y in the immediate neighbourhood

of the wall, then:

TE o, = e L | — (3.19.)

At this stace, a statement about the mixino lencth L has to ke mwade,
and for that Prandtl introduces the experimental observation that L is
unaffected by viscosity in which case the only lencgth we have at our
disposal on which L could depend, is the distance from the wall v.

The only dimensionally correct formula for L is therefore:

L = vy

where y is a constant.

Substituting into equation (3.19.), we get:

2
2 2 du
T.= PpY Y| T (3.20.)
o
dy
or
du 1 1
dy Y v
on integrating we cet:
\ 1
Y - - logv + constant (3.21.)
Va Y

where V_ - the shear stress velocitv.

To evaluate the constant in equation (3.21.) the condition at the

wall is used, namely u = 0 at a certain distance v, from the wall, thus:

— = — (Iny - lnvi)
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or

— = — In— (3.22.)

For smooth walls, the viscosity becomes important in the immediate

neiaghbourhood of the wall and therefore Prandtl sugcgests that:

Bv
y]_ = —

Vi

which is dimensionally correct with 8 as a dimensionless constant.

Accordingly equation (3.22.) takes the form:

u 1 YWy
— = — jlog — - log B8
* Y v

or

— = Alog — + B (3.23.)

which is called the wniversal velocity distribution law for smooth pipes

vith A and B as constants.

Tn the case of rouch walls, to determine y;, & second length is
available here, namely the rouchness heicht k, and the question is now

v
whether the lencth — 1is involved or not. The criterion is the ratio

Vi
kv,
of these two lengths —— which may be regarded as a Revnolds nurber
v
kv,
characteristic of the single bumw. If — is sufficiently larce,
v

— becomes small in comparison with k and y; is taken as a fraction

Vi

of the rouchness height, thus:
vi = ak

where o is a constant depending on the type, shape and arrangement of
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the roughness elerments. Substituting for yj into ecuation (3.22.),

then:

u 1 v
— = = (In— - In a)
AV " Y k
= A log y/k + By (3.24.)

where A and Ry are constants. 2 detailed study of the variation of v,
vith wall conditions is found in a paper by C. M. Vhite and

C. F. Colebroock* (1237).

(

Von Karman's 18) formula for T in the form:

L 2 2
5 f du du

e _ (3.25.)

2
dy dv

will have an advantage over Prandtl's formula (equation 3.2.) only if 1
proves to be constant with y. To check this we have at our disposal
the experimental velocity distributions from the present test. Fram
figures (3.5-3.8), the velocity distribution is logarithmic for most
of the boundary laver thickness and as will be shown in Section (3.4.)
can be represented by the equation:

= 5.75 log + oonstant

PO B

Differentiating and substituting into (3.25.), then:

L 2
o [ 2.5V, 2.5V,

T = 0Y 9

\ -y

. . : n r
* "pxperiments with rluid Friction with Rouchened Pipes", Proc. Rov.

caee. of Iondon, Ser. A, 161.



or
T 2
— = 6.25 v
T
o
. . T
here y will remain constant only if — does not vary with y, i.e. if
T
9T o}
;— = O which actually is not the case, since the equation of motion
v T
aT oP
is reduced to — = — for the boundary layer under test as will be
Ay 0x
. oP
shown in Section (3.4.) and — is in fact considerahly different from
o0X
Zero.

Had we assumed a linear relationship for 1 in the fomm:

where R is the pipe radius, equation (3.25.) can lead to a velocity

distribution of the form:

U-~-u 1
(3.26.)

V, Y

which seemrs less easy than Prandtl's equation (ecuation 3.22.), and

at the same time is in less agreerent with the exverimental results for

pipes (Schlichting(?’o)) , indeed a simple calculation of the value

U-u
at, for example, Vv = 0.5 R, gives:
v,
U-u '
— 1.298 according to Von Karman's (3.26.)
V*

v dina to Prandtl's (3.22.)

and = 1.73 accoraind Adtl's
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whereas experimental values of pipes range from 1.68-1.88. In the

recent experiments the velocities in the boundary layer cave the

following values:

k Jouy
m x/k “;a—' ii = 0.50
1.56 | 320 1.68
1.96 | 252 1.62
3.16 | 220 1.70
4,75 | 123 1.68

So it appears that the simpler form dve to Prandtl better represents

the facts.

3.4. Nozzle of Constant Drag

3.4.1. Concept of the Nozzle of Constant Drag

The concept of the nozzle of constant drag was originally intro-
duced by C. M. White (1940) in his paper "The Equilibrium of Grains

on the Bed of a Stream".* The nozzle was desicned such as to ensure

a constant shear stress along its bed, throuch accelerating the main

flow hnearly exponentially in the downstream direction. The turbulence

* pProceedings of the Royal society of Iondon, series 2, 958, vol. 174,

Pp. 322-338, February, 1940.
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in this case was restricted to the boundary layer on the rough surface

with the grains on the bed as the origin of turbulence, while the flow

in the mainstream was steady and /aminar,

In the theory, White assumes that the velocity distribution on the
rough surface is like that near the wall of a rouch pipe, where the

longitudinal mean velocity component u may be described by the law:

u=2.5Vv, In-— (3.27.)

and vy, is the shift of origin

accounts for the turbulent mixing persists even where u - o.

Now equation (3.27.) implies that, for a constant V, and for values
any smaller than the thickness of the bhoundary laver &, the stream
formation, is independent of x, and hence the stream lines will be
parallel to the wall. Consequently there exists a certain discontinuity
at the edge of the houndary layer, outside which the stream lines are
somevhat inclined before entering the boundary laver, they turn throudgh

a small angle (Figure 3.1. p.4%)

Since the pressure increase across the boundary layer is verv small
or zero the pressure normal to the laver is practically constant, and
the pressure inside the layer is determined by the outside flow. Thus

from Figure 3.1., for the equilibrium of an element of the boundary

layer, we have according to White:

Y1

where + is the wall shear stress, and x is the distance from the
! o 1f

leading edge of the wall.
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Since P is determined by the irrotational motion outside the
boundary layer, and since once it has entered the layer, the speed of

a stream line remains unchanged, equation (3.28) may be written as:

2
Ve, . x = % U = u) dy (3.29.)

where U is the velocity of the flow at the edge of the relevant

boundary laver.

u b4
Substituting x for and z for — , the two limits z = 1.0
§
and z = — correspond respectively to In z =0 and In z = ¥, and
v

ecuation (3.29.) is thus reduced to:

X
X 6.25 2 2
_— = — (x - 1In z) dz
Y1 2
1
or
2
X X
= ex (x - 1) - — + 1 (3.30.)
6.25y, 2

which is the general equation for the nozzle of constant drag.
k

To substitute for vy, White (1940) used the value vy = — ¢given by
' 9

Schlichting (1936) for loosely packed soherical particles 1.50 diameters

cince it more nearly represented the test conditions better than

apart,
k ‘ : ‘
the value v = — corresponding to Nikuradse's closely packed grains
' T33 ,
cemented to the wall of a pipe. Therefore equation (3.30.) takes the
form:
2
X
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where k represents the mean diameter of the grains.

Strictly speaking, egquation (3.3l.) implies that each size of the
sand requires a different nozzle, but the differences are small, and
in erosion experiments when a nozzle is used with an inappropriate size
of sand, the error is compensated by the bed adjusting itself in a

slightly curved form.

To measure the average drag along the bed, White used a suspended
metal strip mounted on a micrometer bar by two fine short cotton
threads. The strip in this case was coated with sand ¢rains similar
in size and shape to those of the bed, and a travelling microscope was
used to measure the displacement of the strip which has keen related to

be
the bed shear stress. On measuring the shear stress at £-= 45, the

hanging strip after allowing for the form drag, gave 19% greater drag

than that predicted from theory.

3.5. TPFurther Details of the Theory for Nozzle of Constant Drag

3.5.1. Boundary Layer Growth

Consider an element dx a distance x from the leading edce of the
plate. The steady two-dimensional boundary will probably increase in
thickness from 6 at D to 6 + A8. Assuming that the fluid motion near
the surface of the plate is similar to that near the wall of a rough
pipe according to Prandtl the velocity distribution within the boundarv

v (3.27.)

layer can be assumed to be 2.5 V, loc - where y; is a constant
Y
-1
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and takes into account turbulent mixing which persists emong the grains
even when u -~ 0. For constant wall shear stress V, is & constant
therefore u is a function of v only when y = 8. This implies the
stream function is independent of x. Therefore the stream lines are

parallel to the plate.

The fluid motion within the control surface will be as shown in
Figure 3.1. Using the Momentum Theorem for the control surface ABCD
the rate of change of momentum flux must be ecqual to the externally

applied forces
Flux of fluid leaving BC
- 3 . 3

dx| — oudy| + pudy
0xX

Y1 Y1

Change in flux between A'D and BC

Y1

Since u is independent of x

* Flux across A'D = Flux across B'C

_ Change in Flux = FL  across ER'

i

Fl across AA' and AR

Flux across AA' = pU (A9)

Flux across AB = Flux across BR' - Flux across AA'
— P T
)
= dx| — oudy | - U (AS)
oX
Y1
L 4
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Consider the change in momentum in the x direction for the control

surface ABCD.

There is no change in momentum in the x direction between A'D and
B'C. Within this control surface ABCD the chancge in mamentum takes

places throuch the surfaces AA', AB, and BB'. Therefore rate of change

of momentum in x directicn is ecual to momentum across BR' - mamentum
across AA' - momentum across AB.
- 8 I
3 2
Rate of chance across BB' = x| — pu cy
oxX
y
L 1 -

Flux of momentum across RA' = pU (AS)
- S .
§
Flux of momentum across AB = U Qdx | — p.udy | — oU (46)
§x
YI' -
— I -1
0 2
={U d&x — pudy - pU (AS)
oX
Y1
Rate of change of momentum = force in X direction.
3p
Ple + (8)| - |P + — dx 6+(A6)—-Todx
X
— 8 - B ¢ .
d 2 2 d 2
= dx | — oudy | - pU (88) - wax | — oudv [ = pU (AS)
X ax
Y1 Y1
L. A - -
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Simplifying and neglecting second order terms

— 8 ]
oP 0 2 2
- — ., X § - 1 d&x = dx|— oudy| = pU (AS)
5% © 3
X
Y1
| .
_ — 8 — —
3 2
-l vax | — pudv | - pU (46)
90X
Y1
n - - A
— 6 —
oP ) 2 2
-———.dch—Todx—dx— pudy |+ pU (AS)
90X X
Y1 B
— 6 -1
0 2
+ Udx | — pudy - U (a8) = O
9X
Y1
L -
§ §
oP d 2 3
- — 8§ - T - — oudy + U — oudy = O
o y
0X 90X X
Y1 Y1

(3.32.)

Using Bernoulli's equation for mainstream flow

2

P + % oU = Constant
oP du
— = - pU —
oxX dx
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Substituting in above:

§ 8
au d 5 3
+pU6.——TO—-— oudy + U -— poudy = O
dx X 9x
Y1 Y1
(3.33.)
s Y
Substituting for u from (3.27.) as 2.5 V, log — in (3.33.)
Y1
dividing throughout by p
§
du T 3
o 5 ) Yy
s U — - — - — (2.5V,) In — av
ax o X V1
Y1
§
9 Yy
+ U -— 2.5V, In — dy = O
oX Y1
Y1
(3.34.)
Using White's transformation
8] Yy
= ’ VA o R—
2.5V* Y1

Substituting these in eguation (3.27.) for the boundary condition

y=6 u=1U

The limits of integration are now

i
|
o

7 = 1 and Z
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The equation (3.28.) reduces to

X
y U 2 2 3 2
2.5V, y1 xe© — - V, - 6.25V, .y, — In 7 dz
dx X
1
eX
2 9
+ 6.25V, x VY, . Inzdz = O
X
-
(3.35.)
Since V, is independent of x the above is true.
qu dx
Dividing through by 6.25 y; and — = 2.5V, —
ax ax
eX
2
2 dX V* 3 2
i.e Vg xeX —_ = -V, — In Z dz
dx 6.25 vy X
1
eX
2 3
+ V, x = InzdZz = O
ox
1
This reduces to
eX eX
dX 1 3 2 3
xe — - - — In 242 + x — Inzdz = O
1 dx 6.25 v X X
1 1
(3.36.)

- X .
Integrating and substituting between the limits 2 =1 and Z = e, then:

1 5 2 § s1 @
- — (X eX - 2y X + 28 - 2) +x — (xeX - eX .
6.25y 93X Sx ax
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on differentiating we get:

1
2 dx dy
- - (¥ eX+2xeX—2xeX-2eX+2eX) — + 2 — =0
6.25y, dx dx
or
1 2
dx = (x ek - xex x3x)
6.25y,
By inteorating this equation then:
2
X 2 X
=xex—3xex+3ex-—+e
6.25y, 2
at x =0, y = 0 and hence e = -3, thus:
2
X 2 a
= ¥ eX - 3y eX o+ 3k — (3.37.)
6.25y, 2
U y
Substituting x for and Z for — , then 6 =y eX and the two
2.5\7* Y1
8
1imits Z = 1 and Z = — correspond respectively to In z =0 and
Y1

In 2 = x, and thus equation (3.35.) is transformed to:

oX
2 S 2 2
- v, - 6.25 — v, In 2 dZ +6.25V, X -
dx
1
du
+ 2.5V, 1 e — =0
dx

Since V, is independent of x, then:
eX
2 6 2 2 ¢
— -V, — In 242 +x .V, —
6.25 v, 8x X

'_l

(0]

e
)

Vi « — V*andZ

'_l

(3.38.)

2 de
In 2 dz + V, xe — =0
ax
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or X X

| e
=

(3.39.)

Integrating and substituting between the limits Z = 1 and Z = eX, then:

1 3 2 y S +1 d
- -— (x e =-2xe*+ 2eX - 2) +y — (xeX - eX . — =
6.25y, 3% Sx dx
(3.40.)

on differentiating we get:

1 2 dy dy
- - (x eX 4+ 2¥ el - 2% ek - 2eX 4 2eX) — + 22X — =0
6.25v, ax ax
or
1 2
ax = (x ef - xeX xdv (3.41.)
6.25y,

Bv integrating this ecuation then:

N

* 2 X X X X
= y e - 3xe" + 3 - — + C (3.42.)
2

6.25y,

at x =0, y = 0 and hence e = -3, thus:

2
X 2 Q
=y eX - 3yel + 3f — (3.43.)
6.25y, 2

which takes into account the discontinuity of the stream on entering

the boundary layer, and differs fram the previous approximate formula

2
X

(3.30.) by the small amount -— .
2
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v, K
For rouch walls

> 60 y; can be substituted by dk, where d
v

is a fraction of the roughness height, depending on the type, shape

and arrangement of the roughness and consequently equation (3.43)

can be reduced to:

ci- = & (x-1 + 1 (3.44)

where c is a constant, which takes into account the discontinuity
of the stream on entering the boundary layer, and differs from the

2
previous approximate formula (3.36) by the small amount Z(_ .
2

For smooth walls on the other hand, equation (3.43) is still
valid, and according to White and Colebrook (1937), y; can be

substituted by 0.10 ¢ and equation (3.43), then takes the form:
*

= & (x-1 + 1 (3. 45)

v
0,625 Y,
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CHAPTER IV

APPARATUS

From the theory analysed in the previous Chapters IT and IIT it

can be seen that the proof of the theory depends on constant momentum

along the flume and therefore velocity had to ke measured very accurately

at each of the points where pressure readings are to be taken. In the
preliminary tests, photographic methods using Telcon particles was used
but this methed was later abandoned in favour of the Hydrogen Bubble
technique. The change to this system was due to the fact that VWhite's
thecry holds for two planes only and it was impossible to ensure this

using a still camera.

The general layout of the preliminary apparatus is shovm in
Plate 5. The fluwe in this apparatus consisted of three parts, the

smooth curved surface, the rouch straight surface and the smooth sides.

The correct shape of the curve was important in this investigation,
and special care was directed in its construction. The theoretical
curve was calculated usinc White's theory on the calculation of the
drag coefficient for various diameters of particle as given in the

table kelow.

Table ITV-1

T

[
~

2
k Uy

5 1 2.07 | 0.037
10 | 2.43 | 0.027
20 | 2.82 | 0.020
50 | 3.45 | 0.0134
100 | 3.95 | 0.0102

300 } 4.76 | 0.0071

I 1
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For each value of k, particle size, a new curve had to be designed and
constructed. The point of entrv is taken as the origin for the

co~ordinates of x and vy.
Table TV-2

Co—-ordinates for Curves

Yy Y y y y
X
k=3m}k=2m|k=15m|k=1m}k=0.5m

5 111.0 74.0 55.5 37.C 18.5
10 81.0 54.0 40.5 27.0 13.5
20 60.0 40.0 30.0 20.0 10.0
50 40.2 26.8 20.1 13.4 6.7
100 30.6 20.4 15.3 10.2 5.1
300 21.3 14.2 10.7 7.1 3.6
1000 14.7 9.8 7.4 4.9 2.5

After obtaining the co-ordinates of the curve, the curve was
plotted full size on a terplate of cardboard which was used in cutting
two symmetrical sides of perspex (1,100 x 920 x 12 mm) which were fixed
together by spacers placed at convenient distances to form a supporting
frame for the curve. A thin sheet of perspex 3 mm~thick and 150 mm
wide was fixed to this supporting frame thus forming a smooth clean
poundary free from kinks and irreqularities. This curve was extended
at the upstream end tangent to the critical curve to avoid disturbing
flow at entry. The supply tank was also supplied with a carefullv
designed bellmouthed entry to ensure undisturbed conditions at entry
to the flume. The curve was provided with five sets of pressure

tappings and five openings for total head measurement.
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Two millimetre bore stainless steel hypodermic needle tubing was
used both for the total head tubes and for the pressure tubes. The
total head tubes were carefully bent at right angles so that their
openings faced the line of flow. 2As it was essential to use fine
diareter tubing so as not to disturb the flow, and also it was imper-
ative not to collapse the walls of tube so they were gentlvy heated
before bending them at right angles. Specially made brass glands were
fitted into previously threaded holes in the bottom and top of the
channel, to ensure a water ticht fit. Fine diameter stainless steel
tubing was placed in the openings in the glands between the roof and
the base and thus could act as anode when connected to the hydrocgen
bubble generator. A strip of brass 10 mm wide bent into a U shape
was screwed into the end of the flume near the exist, acting as a

cathode when connected to the hydrogen bubble generator.

From Plate 5 of the preliminary apparatus it can be seen that a
nmercury vapour lamp was used for lighting. This lamp flashed at
50 cycles per second thus giving a flash of light every 1/100th of a
second. The light beam was passed through a condenser and series of
focussing lenses before it was turned at richt angles to cover a spot
in the centre of the flume. Fram one side of the flume the camera,
a 2% x 2% reflex Practisix was focussed throuch a telephoto lens held
by a Novoflex extension tube at this spot in the centre. A millimetre
grid made out of perspex was projected by a low wattage lamp through a

series of lenses to the centre of the flure.

Sieved through a 1/10 rm opening sieve, small particles of white
Telcon plastic, which has a specific gravity close to that of water were
now fed through a plastic tube into the flume entry. An electrical
stirrer kept the plastic particles agitated in the water as otherwise
they were inclined to float on the surface of the feeding jar. As the

particles move through the light beam across the millimetre grid they were
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photographed and their velocities calculated. As Plate € shows the
particles form a white tadrole shape on the print and the distance they
have moved in 1/100th second is the distance from the front to the rear
of this tadpole shape. By enlarging the negative to a known enlargement,
with reference to the millimetre grid it is possible to calculate
exactly the velocity of the particle. Focussing is very difficult and
it is never possible to tell which particle one has focussed on and in

which plane it is moving.

Tn the initial series of experiments pressure tappings were mace
in the wall of the flume and koth the static pressure and the tctal heac
pressure were recorded on a single tuke swivel arm mancreter (made in
Berlin by R. Fuess) with alcchol as metering fluid. (Plate 7.) The arm
of the manometer could be set in any of five different inclinations
having factors of 0.80, 0.40, 0.20, 0.10 or 0.05 to give the ecuivalent
height of the vertical colum of water in each case (based on 0.80 spec-
ific gravity for alcchol), the reading being the difference between the
atmospheric pressure and the measured pressure in millimetres. The
manoreters were levelled frequently during the readinds and the time
average valuesfor the pressures were recorded. This type of mancireter
has an advantace over a multi-tube manometer in eliminating errors
resulting from slichtly different inclinations of the individual tubes
in the multi-tuke case. The air lock in the polythene tubing attaching
the manometers to the tapping points was found impossible to remove and

no consistency could be found in the readings.

Due, therefore, to the difficulty of focussing on a particle
nmoving only in one plane and also to the impossibilitv of obtaining
consistent manoreter readings, it was decided to give up thie tvpe of
experimental procedure and proceed with an improved one using the

hydrogen bubble technique.
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The apparatus used in this type of experimental set up is shown
in Plate 4. Due to the fact that electrolysis is being used to
generate bukbles from stainless steel tubing of fine diemeter it is
necessary to improve the conductivity of the water by adding a reagent
of sodium trichlorate. To maintain the conductivity of the water it
is essential to make it a self contained system. This was done by
using immersible purps in the catcher tank and recirculating it to the
feed tank. The three pumps were of Unit 5 construction, one keing a
1 cubic metre per minute capacity and the other two being each of
2 cubic metre per minute capacity. 2t the low velocities only the
smaller capacity pump was used whilst for high velocity test runs all

purps were switched on. (Plate 8.)

The velocitv of the water was controlled not only by the reculation
of the pumps but was also controlled by a valve fitted to the exhaust
pipe at the end of the flume. By this dual control system tests could

he carried out at a greater number of different values of velocity.

To facilitate the reading of pressure two banks of five open ended
inclined manometers was constructed, (Plate 9.) The fact that they were
open to the atmosphere eliminated air bubbles and allowed accurate
pressure readings to be taken. Creat care had to be taken in the
reading of these manometers and it is essential to read from the same

position as optical misalignment can cause distortion of readings.

Wwhen at the becinning of a test run the flow had been regulated to
its required setting a period of time was allowed to elapse to ensure
that it had reached steady conditions. After this condition of
settled flow had been reached the two banks of inclined manameters
were read. One bank giving the readings of static head whilst the
other hank was connected to the velocity head tubes. When these

readincgs had been recorded the hvdrogen bubble generator was switched

on and the bubbles kegan to "come off" the wire at the first measuring
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position. The hubbles were allowed to discharge for some time to ensure

an arple supply and when it appeared that optimum conditions had been
reached the floodlicht was carefully positioned to give the best back-
ground light for the bubbles. The bubbles given off the wire form &

cl

U shape which is the velocity profile and the movement of this profile

is now filmed by a 16 mm Beaulieu movie camera.

The electrical supply which leads to the electrolysis of the
stainless steel wire to give hydrogen bubbles is now transferred to
the second position which is allowed to generate bubbles for about
five minutes to ensure the profile is fully visible. The movie camera
is now focussed for filming and about 3 metres of film are taken at the
speed of 25 frames/sec. The process of moving the cathode to positions
three, four and five is then carried out in consecutive steps and in
each position about 3 metres of film are shot. When all five positions
have been filmed the manometer levels are once more read, with the
bubble generator switched off, to ensure that the readings are steady.
The bubble generator is switched off as a precaution to ensure no
hydrogen bubbles should enter the tubes connecting the manometers to

the static and velocity head tappings.

The valve setting is now altered to give a different flow rate and
after a reasonable time has elapsed, the mancmeter readings are again
recorded. The hydrogen bubble generator is switched on and the filming

procedure at the five measuring points is again repeated. Thus it can

be seen that for a 100 foot movie film two series of velocity profiles

for two different velocities can be recorded.

The developed film was then fed in an analysing projector and

projected onto a wooden screen to which was pinned a millimetre gric

graph paper. When the £i1m had been properly focussed the path of

one of the bubbles was traced for o5 frames, this being the film speed

per second. A push lever allowed the film to be advanced one frame at
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a time. In most cases the definition of each bubble was cuite clear
but in some cases it was difficult to follow their paths for a great
distance. It was decided therefore to prevent any opportunity of
interference of bubble velocity from the downstream station to plot

only five frames, thus giving the distance travelled in 1/5th second.

From these plots on graph parer not only can the exact velocity
of various hubbles in the profile ke calculated kut also the 1lift of
the bubhle can be measured. The theoretical analvsis of this 'lift'
of & hydrogen hubkle is given in an ensuing chapter and it can be

seen that this effect can be neglected.

The velocity profile for each position was thus drawn for various
velocities and various hed materials. (Shown in Plates 2-3). B2As ve
now have a record of the velocity profile for each position at various
flows it is possible by integration to calculate the mamentum at these
points. Momentum is directly proportional to the scuare of the velocity
rultiplied by a constant mass and as momentum is proportional to shear
stress. Thus bv integrating the velocity curve we can derive the
romentum curve and if the momentum at all sections is constant then it

is fair to state that the shear stress at each point is constant.

To obtain the results mentioned above and recorded on graphs shown
in the followinc chapter (Appendix C) are a series of tests which had
to be carried out using a variety of curves to suit the different bed
material. It was decided to start off the test run usinc larce and
uni form bed material so applyving Fhite's theory the crdinates for a
curve where k = 3 were plotted (shown in Table IV-2) on a piece of
stiff cardroard which was used as a terplate for the bkase of the
vertical walls. These walls were made of 12 mm thick perspex and 2 rm

thick perspex bent to the shape of the curve was alued to the base

using Special Tensol 132 Perspex cement.
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To ensure uniformity of size of bed material 3 mm diameter glass
spheres were used (Plate 10) and to ensure both ample cover over the
base and also that they should not ke carried down the exhaust pipe
a 20 mm hich perspex stor was fixed to the base of the channel. The
purps were then switched on and the water flow requlated by means of
the valve. 2fter the desired volume of flow had heen ohtained the
water was allowed to flow for some tirme to ensure that the air pockets
between the class spheres had been eliminated and also to ensure that
there were no small air bubkles on the persnex walls of the flume.

The static head tukes were then primed by suckinc out anv air pockets
ané to ensure as little surface tension effect as rossikle, a drop of
alcohol was run down the wall of each manometer tuke. Evervthing was
now ready for the pressure readings to be taken and the hydrocen bukble

generator to be switched on as described earlier in the chapter.

To ensure sufficient illumination for the bubbles a 2 KW flood-
light was used and its position was changed after the filming of each
velocity profile at each position so that it gave the best illurination
which occurred about 1.50 m fram the profile being photograpbed. The
photographs vere taken acainst a black backcround to ensure extra
sharpness. To facilitate the plotting of the paths of the separate
bubbles in the U shaped profile (Plates 2-3) a negative process was
used. This meant the bubkles appeared as black dots on the crarh
paper screen and were thus rlotted with greater ease than if they had

been positivelv printed resulting in white dots.

After the successful completion of this test the bed material was
removed and replaced by 2 mm diameter glass svheres. This naturally
meant redesigning and reconstructine the curve for the flume as k was
now ecual to 2 mm. (Plate 11.) The same procedure for constructing

this curve was used as in the k = 3 mm curve.



- 62 -

On the completion of this test run the bed material was changed
to 1 mm diameter glass spheres (Plate 12) and with the curve again
changed the test procedure was repeated. Then natural bed material
of 3 mm (Plate 13), 2 mm (Plate 14) and % mm diameter (Plate 15) were

used for completing test runs.
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CHAPTER V
CONCLUSIONS

C

5.1. Conclusions

The Theory derived in Chapter IIT shows that if the Momentum is

constant the Total Force must ke constant.

5.1.1. Total Force

The total force acting on the fluid body is the sum of the pressure
force and the friction force. From the desion of the flume we have
ensured a constant pressure force therefore if the total force is

constant then the friction force must also be constant.

5.1.2. FExperirental Results

From the experimental results shown in Tables 1-9 of this Chapter
we can see from colum 3 that the rate of static pressure drop is
constant. From the integration of the Velocity Profiles we arrive at
+the Momentum Curves and these have a constant value. It can therefore
be concluded, that, as the rate of static pressure drop is constant and

as also the value of momentum is constant, the shear stress is constant.

5.1.3. Preston Tube Results

From the theorv enlarced upon in Appendix B, it can be concluded

that if the difference of ctatic Head and Preston Tube readings is a

N
constant then the shear stress 1is constant. The results cobtainea 1n

1 d the shear stress
colum 5 of Tables 1-9 are of a constant value, an

has therefore been proven by two independent means to be constant.
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5.1.4. Conclusions frcom Design

The theory on which the design of the nozzle is based gives a

constant momentum because

(a) the rate of pressure drop along it is constant;

(b) the velocity is accelerated in such a manner that the

momentum remains constant.

Therefore it is fair to assume that the design of this nozzle cives

values of Shear Stress which are constant.

5.2. CGraphical Results

5.2.1. Results from Graphs of Plot of Particle Reynolds Nurber

against Bed Shear Stress

A series of graphs of particle Reynolds Number against Bed Shear
Stress were plotted for a few values of velocity and Bed Shear Stress
for each particle size. From the craphs shown in Appendix B it can
be seen that there is a linear relationship between the Particle
Reynolds Nurber and the Bed Shear Stress, but that in sare cases at
high velocity values, i.e. at high values of Reynolds Nurber, there
is a drop-off in the curve. Similar results were obtained.

in tests on Flat Plates at the Gottingen Institute.

Owing to the experimental set up there were limits to the value

to which the velocity could be increased; but it is a fair assumption

that the shear stress can only increase linearly until a critical value

of particle Reynolds Number is reached.
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5.3. PRed Movement Due to Constant Shear

It seems a logical assumption that if the shear stress along the
whole hed is constant then bed load moverent would cormence at all
roints along the bed at the same instant. To test this surmise it was
proposed to film bed load movement,and a wide angle close up lens was
fitted to the Beaulieu movie camera. Flow was started end filming
commenced and gradually the velocity of flow was increased whilst film-
ing was in progress. At a certain critical value of velocity instant-
aneous movement of bed load started and this was recorded on the movie

film.

As the enlarcement of 16 mm movie film to full plate size is
nearly impossible it was decided to repeat the test using two motorised

2% x 2% Hasselblad Reflex cameras fitted with close up lenses.

Plate 16 shows the flume just before motion was due to start vhilst
Plate 17 shows motion having started all aleng the bed of the flume.
As Plate 17 was taken from approximately one metre range, SO as to show
the whole length of the flume, and therefore does not show the motion
in great detail it was decided at the same time to take a more detailed
view from closer range. The result of this close up photography is

plate 18 which shows distinctly the surface particles in motion.

Having thus proven that movement starts instantaneously along the

ed when the shear stress ie constant,another test with a different

curve, not appropriate to the 1 mm diameter bed material, used in the

test, was run. Again there was instantaneous bed load movement all

along the bed of the fluve.
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5.3.1. Critical Shear Stress

Shields(34) proposed that bed load movement occurred when the

value of the bed shear stress reached a critical value. If this theory

is true then Plates 16 and 17 prove this. As there was no constancy of

bed shear stress when the curve was changed it may be assumed that

critical shear stress is not the only criterion for bed load movement.
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TABLE OF RESULTS
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Table 1

Y mm Diameter Sand




Area under

: Area Under | Static Preston
Velocity Momentum Tube Tube Difference
Curve Curve Peading | Reading
2 2
mn i man mm m
1. 3,500 5,400 143 133 10
2. 3,550 5,480 145 136 9
3. 3,300 5,280 142 132 10
4. 2,750 5,400 143 133 10
5. 3,100 5,450 143 134 9
1. 3,910 5,510 133 130 3
2. 3,700 5,510 133 130 3
3. 3,250 5,710 133 129 4
4, 3,500 5,650 134 130 4
5. 3,300 6,150 134 130 4
1. 4,550 5,550 136 132 4
2. 4,570 5,520 137 133 4
3. 4,250 5,800 133 129 4
4, 4,410 5,380 134 130 4
5. 4,350 5,750 132 128 4
1. 3,000 7,280 133 127 6
2. 3,000 7,800 132 126 6
3. 2,850 7,450 133 127 6
4, 2,950 7,750 133 126 7
5. 3,070 7,850 134 128 6
1. 3,450 5,120 127 120 7
2. 3:350 5,240 128 121 Z/
3. 3,200 5,100 129 122 :
4. 3,100 5,180 129 121
5. 3,150 5,250 129 122 7
1. 3,450 5,100 144 135 1(9)
2. 3,460 5,350 146 136 10
3. 3,250 5,020 144 134 0
4 3,050 5,290 145 135 X
5. 3,120 5,380 144 135
5
1. 4,240 7,150 %3(13 52 :
2. 4,150 7,180 1% 131 5
3. 4,050 7,050 132 5
6,950 137
4. g ,830‘58 =’ 00 137 133 4
5. ’ ’
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Area under

Area under

Static Preston
Velocity Momentum Tube Tube Difference
Curve Curve Reading } Reading
2 2

mm Juiadl buaadl nm mm
1. 4,020 6,400 136 132 4
2. 4,050 6,420 137 134 3
3. 4,000 6,500 133 129 4
4, 3,800 6,430 134 131 3
5. 3,850 6,550 132 129 3
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Table 2

1 mm Diameter Glass Sphere
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Area under | Area under | Static Preston
Velocity Momentum Tube Tube Difference
Curve Curve Reading § Reading
2 2
nm mm mm nm mm
1. 8,440 16,840 123 116 7
2. 8,510 16,500 123 116 7
3. 8,680 16,100 125 118 7
4. 8,250 15,900 125 118 7
5. 8,350 16,250 125 118 7
1. 8,100 14,700 123 115 8
2. 7,900 14,710 123 115 8
3. 8,100 14,000 125 115 10
4 8,200 12,400 125 117 8
5. 8,100 12,400 124 117 7
1. 6,830 11,690 gg ﬁg ;
2. 6,500 11,560
3. 6 :6OO 12,400 125 117 g
4 6,700 11,760 125 ﬁ; 8
) 124
5 6,800 11,640
7
1. 6,150 8,140 122 ﬁg ;
2. 6,080 B¢ 200 154 115 9
3 5,950 8,980 124
: ’ 124 116 8
4. 5,850 g,jgg 153 126 7
5. 5,950 ,
121 8
1 3,910 8,040 129 51 g
7,150 129
2. 3,750 153 9
3 3,850 7,850 132 5
. ! 132 124
1. 3,710 8,000 132 e 5
5. 3,550 ’
122 9
1 5,760 8,140 ;iéi 19 5
8,460
) 610 8,050 1 o
3. 5, 133 123
8,420 5
4. 5,550 o 13 123
5 5,550 ’
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Table 3

1 mm Diameter Sand
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Area ur}der Area under | Static Preston
Velocity Momen turm Tube Tube Difference
Curve Curve Reading | Reading
2 2
1. 5,720 6,650 129 121 8
2. 5,310 6,850 129 121 8
3. 5,120 7,380 132 123 9
4. 5,110 7,180 132 123 9
5. 5,450 7,310 131 122 9
1. 5,510 9,650 131 122 9
2. 5,380 9,700 131 122 9
3. 5,400 9,700 133 123 10
4. 5,590 9,950 133 124 9
5. 5,450 9,810 132 123 9
1. 7,100 14,200 133 124 9
2. 7,050 14,310 133 124 9
3. 7,200 14,400 135 125 10
4, 7,020 14,390 135 126 g
5. 6,950 14,280 135 126
1. 4,200 8,000 125 121 4
2. 3,600 7,550 125 121 4
3. 3,600 7,880 126 121 5
4. 4,000 7,000 127 122 ;
5. 3,800 6,900 127
125 4
1. 5,720 6,850 129
2. 5,450 6,930 129 124 2
3 5,150 7,280 130 125
) 7,180 130 125 5
4. 5,100 ’ 310 130 155 5
5. 5,200 7y
4
1 5,410 6,650 129 12> A
. ’ 131 127
2. 5,500 0,850 2 128 4
3 5,350 7,380 1 1
. 180 132 128
4. 5,250 3'310 132 127 5
5. 5,300 ’
126 116 10
1. 6,490 8,140 127 116 9
2. ' 128 119
50 8,050
3. 6,9 118 10
s 5,900 8,420 125 118 10
. ’
8,550
5. 6,050 !




Area under | Area under | Static Preston
Velocity Momentum Tube Tube Difference
Curve | Curve | Reading | Reading
2 2 '

el ] I mm m I
1. 6,100 | 8,140 131 128 3
2. 6,100 8,400 132 129 3
3. 6,160 8,480 134 131 3
4. 6,C00 7,850 135 132 3
5. 5,850 8,480 134 131 3
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Table 4

1% mm Diameter Sand
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Curve : C‘urvum Tube Tuke Difference
Arve Peading | Reading
2 2

i mm mm m m
1. 6,650 9,700 123 116 7
2. 6,600 9,250 123 116 7
3. 6,100 9,180 124 117 7
4. 6,100 9,200 125 117 8
5. 5,900 9,100 124 117 7
1. 8,520 18,800 139 131 8
2. 8,500 18,500 136 128 8
3. 8,800 19,000 139 131 8
4. 8,700 18,500 136 128 8
5. 7,800 17,700 137 130 7
1. 5,650 10,980 129 128 1
2. 5,630 11,350 129 127 2
3. 5,950 11,050 128 127 1
4. 5,380 10,500 128 127 1
5. 5,360 10,750 130 129 1
1. 8,350 16,700 128 126 2
2. 8,850 16,300 128 126 2
3. 8,700 16,550 129 126 3
4. 8,250 15,500 129 128 1
5. 8,400 16,500 130 128 2
1. 6,740 7,620 123 116 7
2. 6,800 7,500 123 116 8
3. 6,200 7,300 124 116 8
4. 6,400 7,500 125 118 7
5. 6,550 7,450 125 118 7
1. 3,500 9,200 129 123 ;
5 31300 9,500 131 125 6
3. 3,500 9,800 132 125 7
1 31700 10,000 132 126 6
5. 4,000 10,200 132 126 6

6,300 9,000 123 116 !
é: 6,200 8,900 123 116 8

8,850 124 116

3. 6,320 , e 117 o
4. 6,100 8,790 117 7
5. 5,950 9,200 124
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Area under

Area under | Static Preston
Velocity Momrentur Tube Tube Di.fference
Curve Curve Reading | Reading
2 2
1. 3,740 11,500 131 122 9
2. 3,750 11,600 131 122 9
3. 3,600 11,500 132 123 9
4. 3,900 11,000 133 124 o
5. 3,950 12,000 132 123 o
1. 8,200 14,800 127 118 9
2. 7,400 15,100 127 118 9
3. 8,310 15,200 128 118 12
4. 7,200 15,000 128 119 0
5. 7,600 14,500 128 118 10
1. 3,720 11,750 125 121 3
2. 3,750 11,000 125 gi ‘
3. 3,650 11,000 126 21 :
4. 3,800 12,000 126 "
5. 3,750 11,900 125 121 4
8
1. 4,160 7,850 129 1;} :
2 4,900 8,400 129 1 c
) ' 130 121 c
3. 4,200 8,200 122 9
4 4,500 8,600 131 5
5 4,400 8,500 131 122
- ’
131 g
1. 4,690 6,650 139 o8 5
4,550 6,900 136 8
2. ’ 136 128
3. 4,500 6,820 131 8
: 300
5. 4,600 7
9 125 4
1 3,350 9,800 g'g 124 5
: 20 9,900 z
2. 3,4 130 125
3,400 9,800 126 5
> ' 10,000 131 :
3. 3'328 10,900 132 127
5. ,450
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Table 5

1% mm Diameter Glass Spheres




Area under

Area under

, Static Preston
Vel . !
chiéty  Morentur Tube Tube Di fference
S Curve Reading | Reading
2 2
1. 6,220 : 12,200 148
2. 6,400 | 13,000 147 igg ig
2- 2'538 12,400 147 137 10
. ’ 12,200 147 136 11
5. 6,100 11,800 145 135 10
1. 6,960 | 15,100 154 140 14
2. 6,940 | 15,200 152 138 14
3. 6,740 | 14,800 151 136 15
4. 6,840 | 14,600 150 137 13
5. 6,900 | 14,900 147 133 14
1. 5,310 | 12,700 144 135 9
2. 5,210 | 12,200 142 133 9
3. 5,110 ¢ 11,000 142 132 10
4. 6,520 ¢ 11,600 140 131 9
5. 5,240 | 11,520 140 131 9
1. 6,500 13,100 135 128 7
2. 6,320 | 13,900 133 126 7
3. 6,200 | 13,600 132 124 6
4. 6,240 13,240 131 124 g
5. 6,310 12,800 131 123
1. 6,840 | 13,880 139 134 5
2. 6,920 | 13,420 137 132 5
3. 6,860 13,800 135 130 >
4, 6,460 13,460 135 130 5
5. 6,500 12,900 134 129 5
1. 5,150 15,670 145 igg ;
15,600 2
2. 5,100 419@ 141 138 3
3 5,210 14,
: ! 138 134 4
5. 5,050 15,080 1
130 5
1. 7,450 18,100 135 c
’ 133 128
2 7 .600 18,460 4
. ’ 200 130 126
3 7,220 16, 4
3. ' 130 126
200 17,300
4. 742 130 125 5
5. 7,250 16,800
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Area under

Prea under | Static Preston
Velocity Morentum Tube Tube Difference
Curve Curve Reading | Reading
2 2

1. 7,480 16,370 151 142 9
2. 8,000 16,400 140 132 8
3. 8,050 16,200 140 132 8
4, 7,800 15,550 140 132 8
5. 7,650 15,800 138 131 7
1. 7,190 13,370 132 127 5
2. 7,290 13,500 130 125 5
3. 7,310 13,300 127 121 6
4, 7,200 12,800 130 124 6
5. 6,600 12,600 128 124 4
1. 9,500 16,720 150 146 4
2. 9,700 17,100 149 146 3
3. 9,450 16,550 150 146 4
4., 9,150 15,950 150 146 4
5. 8,850 14,780 149 144 5
1. 6,660 15,200 145 140 5
2. 6,550 15,000 141 137 4
3. 6,500 15,000 141 137 4
4, 6,600 14,850 141 137 4
5. 6,200 14,600 141 136 5
1. 7,520 15,800 135 133 %
2. 7,150 15,000 135 122 5
3. 7,200 14,800 135 l«f; ;
4. 7,400 14,950 136 lgz :
5. 7,200 14,900 135 1




o

Table 6

2 mm Diameter Glass Spheres
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A{‘fzi under Area under | Static | Preston
COClty Morentum Tube Tube Difference
urve Curve Reading | Reading
2 2 :

1. 8,810 11,620 134 126 8
2. 8,620 11,890 131 124 7
3. 8,900 11,790 132 ¢ 124 8
4, 8,650 11,960 134 125 9
5. 8,970 12,100 132 . 124 8
1. 6,910 15,360 148 | 140 8
2. 7,450 15,610 148 | 140 8
3. 6,840 15,210 147 1 139 8
4, 6,810 15,610 147 139 8
5. 6,450 15,690 146 138 8
1. 6,610 13,400 148 132 6
2. 6,450 13,500 146 131 5
3. 6,410 13,310 147 | 131 6
4. 6,410 13,300 147 131 6
5. 6,110 13,620 145 129 6
1. 6,050 11,300 149 133 16
2. 6,000 11,550 147 132 15
3. 5,980 11,750 147 132 15
4. 5,855 11,700 147 131 16
5. 6,185 11,680 146 130 16
1. 6,980 15,200 149 146 3
2. 6,990 15,500 147 144 3
3. 6,950 15,580 146 143 3
4. 6,780 15,380 146 142 4
5. 6,550 15,820 145 141 4
1. 5,710 11,850 146 iig g
2. 5,750 12,050 144 i 5
3 5,830 12,210 143 1

. 20 143 141 2
4, 5,650 ig:gw 142 140 2
5. 5,720 ’
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Table 7

2 nm Diameter Sand
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Cuzve : Igentum Tube Tube Difference
; urve Reading | Reading
2

1. 4,620 10,360 14
2. 4,420 10,600 142 igg S
3. 4,350 10,750 147 139 8
g- 4,280 10,480 147 139 8

. 4,300 10,710 146 138 8
1. 6,230 11,850 144 134 10
2. 6,180 12,050 144 134 10
3. 5,990 12,200 145 135 10
4, 5,950 13,320 144 133 11
5. 5,900 12,200 144 133 11
1. 5,810 11,300 143 132 11
2. 5,820 11,550 143 132 11
3. 5,900 11,800 143 133 10
4. 5,850 11,750 143 132 11
5. 5,780 11,700 140 129 11
1. 7,000 15,360 147 133 14
2. 7,000 14,500 147 133 14
3. 6,900 15,210 148 133 15
4, 7,100 15,600 147 134 13
5. 7,050 15,690 147 133 14
1. 8,400 11,620 139 134 5
2. 8,450 11,890 140 135 5
3. 8,450 11,790 141 136 5
4, 8,550 11,960 141 135 6
5. 8,480 12,000 140 135 5
1. 6,650 14,200 132 128 ;
2 6,510 14,310 132 128

3. 6,550 14,400 133 128 >
4. 6,490 14,390 133 129 3
5. 6,660 14,280 131 126 >
1. 6,550 13,400 125 %gg ;
2. 6,620 13,500 126 152 A
3. 6,560 13,300 126 121 A
4 6,350 13,330 125 150 .
5. 6,480 13,620 124 .
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Area under

Area under

Static

Preston

Velocity Momrentum Tube Tube Difference

Curve Curve Reading § Reading

2 2 -
il juuadl mm m rm
1. 6,680 15,200 134 132 2
2. 6,780 15,500 135 133 2
3. 6,900 15,580 136 134 2
4, 6,800 15,380 135 133 2
5. 6,900 15,820 134 132 2
1. 5,350 9,650 128 124 4
2. 5,350 9,700 128 124 4
3. 5,330 9,700 129 125 4
4. 5,380 9,800 129 125 4
5. 5,380 9,810 128 124 4
1. 5,800 15,200 137 126 11
2. 6,900 15,500 135 124 11
3. 6,780 15,580 135 124 11
4, 6,880 15,380 138 127 11
5. 6,900 15,820 136 126 10
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Table 8

3 mm Diameter Glass Spheres
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Area under

Area under

Static Preston
Velocity Momentum Tube Tube Difference
Curve Curve Reading | Reading
2 2
1. 6,900 10,400 133 127 6
2. 6,000 9,700 134 128 6
3. 6,400 10,100 134 128 6
4, ! 6,200 10,100 134 127 7
5. | 6,600 11,000 133 126 7
1. 10,920 14,750 132 129 3
2. 9,860 14,200 133 129 j
3. 10,700 15,600 135 131 ;
4. 9,720 i 15,000 135 131 ‘
5.1 10,000 | 14,900 134 130
1. 10,300 | 13,960 131 12 :
2. 9,800 | 13,300 1
3. 1o:2oo 13,600 134 122 g
4. 9,700 14,100 133 12 0
5. 10,170 14,200 133 124
»
| 7
1. 10,500 }jrggg igg %gg ;
i 10,000 '
; ' 14,950 135 127 8
3 10,000 o
. ’ 134 126
4. 10,320 i?% 13 157 g
5. 9,850 4
130 5
1. 10,100 ij,igg igz 130 :
10,500 ’ s
2 " 100 14,500 136 131 °
300 14,100 ¢
3 o 14,950 135 129
5. 10,200 ’
127 122 5
2. 5,740 / 159 123 6
3. 5,570 %3'388 128 122 6
4. 5;228 17:400 129 123 6
5. 6,




3 mm Diameter Sand




Area under | Area under | Static Preston
Velocity Momentum Tube Tube Difference
Curve Curve Reacding | Reading
2 2

agisl mm m m mm
1. 6,410 16,800 127 123 4
2. 6,000 15,900 128 124 4
3. 5,900 17,100 129 125 4
4. 6,200 17,200 131 126 5
5. 6,250 17,100 130 126 4
1. 4,780 16,800 155 135 20
2. 4,760 17,100 153 132 21
3. 4,650 17,200 149 129 20
4. 4,550 17,800 150 130 20
5. 4,720 17,800 144 125 19
1. 6,300 14,500 139 131 8
2. 6,100 14,300 136 128 8
3. 6,300 14,700 139 131 8
4, 6,250 14,700 136 128 8
5. 6,250 14,700 137 130 7
1. 6,140 12,700 153 149 4
2. 6,000 12,900 151 147 4
3. 5,950 12,900 150 146 4
4, 5,850 12,900 151 146 5
5. 5,950 12,700 148 144 4
1. 5,640 11,400 148 138 10
2. 5,720 11,800 147 137 10
3. 5,800 11,600 147 136 11
4. 5,550 11,800 147 137 10
5. 5,750 12,000 145 135 10
1. 6,330 9,620 129 126 3
2. 5,650 9,370 129 125 4
3. 5,850 9,640 128 124 4
4. 5,930 9,850 128 124 4
5. 6,150 10,650 127 123 4
1. 6,410 9,800 130 124 6
2. 6,000 8,850 131 125 6
3. 6,000 8,950 132 126 6
4. 6,100 9,900 132 126 6
5. 6,510 9,950 132 126 6




Area under | Area under | Static Preston
Velocity Momentum Tube Tube Difference
Curve Curve Reading Reading
2 2
nm m m I m
1. 7,620 11,300 133 126 7
2. 7,250 11,600 134 127 7
3. 6,800 10,900 135 128 7
4 7,100 11,900 134 127 7
5. 7,200 12,100 134 126 8
1 6,120 14,350 154 140 14
2. 6,200 14,300 152 138 14
3. 6,180 14,700 151 136 15
4, 6,160 14,700 150 137 13
5. 6,190 14,700 147 133 14




AFPPENDIX A

HYDROGEN BUBRLE TECHENIQOUE

A.l., Probe Manufacture and Operation

Bubble Formation

The power supply and controls needed are simple. Standard electrical
circuits, timers and switch cgear suffice. A complete hydrogen bubble
generating set made by Armfield Hydraulic Engineering Company was used

in these tests.

Voltage required is a function of electrolyte concentration, the
distance between electrodes and geametry. It is best to supplv a
variable working - voltage supply from about 10-250 volts. To avoid
undue operating hazard it is usually possible to limit voltace to less
than 100 volts by the use of sufficient electrolyte. Usually in hard
water no added electrolyte is needed. In softer waters, scdium
sulphate has been found a satisfactorv additive; its solubility is
high, it forms many ions and its corrosion and toxicity are acceptable
in most systems. About 0.15 g/1 of Na,SO, has been sufficient in rost

cases. Other electrolyvtes mav work as well or better.

The d.c. voltage applied between the probe and sare other location

in the flow establishes an electrostatic field in the water.

The material used to make bubble - generation wire is not critical
except with respect to corrosion, cost and franaibility: platinum,
copper and stainless steel wire have all bheen used successfully. The
stainless steel wires, used here, are stronger and easier to handle.
Platinum is usually preferred because it does not corrode, and it
appears to collect dirt less rapidly. Wires are usually best cleaned
of dirt by squirting a small jet from a syringe (or other convenient

tool) upstream of the wire.




The most difficult operating problem is control of "bubble quality”.
Large currents are needed to obtain sufficient optical density of the
bubbles for good photography over appreciable distances. Under these
conditions it is difficult to eliminate all over sized bubbles; some
large bubbles are almost alvays formed and rise too acutely to give
accurate traces. Since these are few in nurmber they cen be ignored
in finding velocity patterns; they represent a very small flow
disturbance based on total volume of generated bubbles and observed

rise rates.

The bulk of the bubbles have diameters of the order of one half
to one wire diameter 0.005 to 0.05 mm dia. Much more troublesore than
the few larger bubbles is the lack of repeatability of kubble formation
under apparently constant conditions. Most wires reguire "aging" under
operating conditions for a few minutes before they will produce bukbles
wmiformly. Some wires produce more uniform and smaller bubbles than
others for no known reason. Some water supplies give better, that is
small and more uniform, bubbles than others. Sometimes a wire which
has worked satisfactorily becins erratic bubble formation for no
apparent reason. When this occurs, reversing the polarity on the wire
for a few minutes, then returning to normal polaritv and aging the wire
anew, will often solve the difficulty. Standard probe cleaning methods,
do nct appear to improve these matters much. These problems of bubble
control are not unsurmountable but make the technicue samewhat "finicky".
All these problems are related to the apparently complex combination
of surface electro-chemistry and hydrodynamic actions that control the
bubble formation and release from the wire. Full understanding of
these effects would recquire extensive separate researches and, to date,
it has keen rmore expedient to deal with these problems on a purely

empirical kasis.



Since hydrocen is soluble in water, the bubbles generated at the
wire rapidly dissolve; this has both advantages and disadvantaces.
The primary advantage is that no "return circuit interference" occurs
in closed circuit flows. The disadvantage is that the bubkle half-life
is very short, a rough guide from experience of the bubbles used is a

half-life of the order of three seconds.

A.2. Lighting

The production of acceptable light levels is strongly dependent
on the angle of the incident light on the bubbles with respect to the
line of sight of the camera or viewer. For bhest results this angle
should be approximately 65 degrees. A sharply collimated sheet of
light produced by two slots in series is usually best in order to
prevent strong light scattering in the water. Dark backgrounds are
necessary and in this experiment a black-board was used. Very strong
licht sources are necessary and in this case 2 KW flood lighting was

emploved.

A.3. Terminal Rise Rate

The terminal rise rate may be approximated by using Stokes'
solution for solid spheres since the Reynolds numbers based on bubble

diameter are less than one (see for example Lamb (1945)). The result

is
1 szO - OHZ 2
v = e e— d
T 18 u 7
HZO

For example, for bubbles of 0.02 rmr diameter in water with kinetic

=

-6 2 =1
viscosity of 1.2 x 10 m secC

I
<
I
!
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u = 0,035 m/s
ud
and the rise rate Reynolds number = — = 0,058 << 1.0 which is
v

adequately low for use in Stokes' equation. Errors introduced by
such low terminal velocity are usually small even though the estimate

of d, the bubble diameter, is conservatively large.

A.4, Bubble Rise Rate Uncertaintv

The terminal velocitv for the use of the bubble of 0.02 mm diameter
was civen as 0.035 mm/s. However, if no velocitv gradient exists the
maximum rise rate should be 1/50th of the mean velocity. Thus with
bubble sizes normally found mean speecs down to 18 mm/s can be measured

without undue distortion due to bubble rise.

A.5. Velocity Defect Bubble Generating Wire

The disturbance to the overall flow pattern because of the exist-
ence of the bubble-generating wires is small. However, the local
disturbance in the viscous wake of an infinite cylinder of the same
diameter as the generating wires is not negligible. The velocity behind
the wire is less than the free stream velocity value owing to the
morentum losses associated with the drag on the wire. This velocity
defect mav be approximated closely in the Revnolds nurmber range

(Re = 1 » 5) by the asymptotic laminar-wake solution for an infinite
d

cylinder. The solution of the boundary layer ecuaticn is obtained by
assuming the wake profile to be similar at all downstream stations

which are sufficiently removed from the wire. The solution in terms

of the similarity parameter



30)

is given by Schlichting( . Hot wire data taken bkehind a 2 mm dia.

generating wire which is not generating bubbles shows general agreement
with the laminar wake solution. The defect is not neglicible; even at
200 diameter downstream from the wire the centre line wake velocity is

only 91 per cent of the free stream velocitv.

The velocity defect, however, is markedly reduced when hydrogen
bukhles are keing generated from the wire. The huhbble velocity reaches
the free stream velocity in 70 wire diameters in test carried out by

Schraub et al(32).

Precautions in Experimental Procedure

In all cases of the present experiments the messurements were
taken bevond stations which were at least 150 diameters (76 mm) behind
the wire. Wherever possible this critical distance was increased to
250 diameters and the werking range of the distance was fram 150 d.
(or 250 d.) to 1000 d. In addition to this precaution, the 0.75 mm
anode was kept in a position downstream of the cathode wire in all the
cases. Hence even if there was an error due to the velocity defect

behind the wire it would have been uniform in all the measurements.
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APPENDIX B

DETERMINATION OF SKIN FRICTION WITH PRESTON TUBES

B.l. Theoretical Analvsis

Ludwieg and Tillmann(ZB) have presented evidence which suggests
that
u U, v
U, v

is true in a limited region near the surface independent of pressure
gradient and upstream disturbances. If this is so, then it seems
likely that conditions in this recion are functions only of the physical
rroperties of the fluid p and v, 5 and a suitable lencgth. If a total

head tube placed on the wall measures a pressure p, the velocitv u at

d
this depth — can be expressed by
2

where 1 is the static pressure at this point.

R.H.S. of ecuation (1) then becomes

—_ (3b)




2

T d
0
" is dimensionless therefore T, can be locked uron as havinc
pv 2
pVv
dimensions of -— , i.e.
2
d
2
oV
N I — (4b)
d
Substituting (4h) in (2h)
P~ P, (P - p,)
= d 5b
> (5b)
™ v

2
P-P\ , o @
2 d = 2
\Y pv
R P A
This is equation (5b) @R frem b2be b [P Pe "'f 2/E Vv
e 7
o, = ¢ (P-p) (6b)

B.2. Description of Apparatus

As the theoretical derivation given in the preceding paradgraph is

(25)

based on Preston's experimental work it is therefore necessary to

use instrumentation of the same order as he used.

R.2.1., Pitot Tubes

The geometrically similar circular pitot tukes were chosen to have

as nearly as possible a ratio of internal to external diameter of 0.600.

This was done because not only did Preston(zs) use this ratio but

Young and Mass(39) have determined the displacement of the effective



centre, for conditicns which are equivalent to those obtaining in a
boundary layer several pitot diameters from the wall, and for this

ratio of internal to external Jdiameter.

Secondly, the large sizes of hypodermic tubing in stock have
approximately this ratio. Thirdly, this type of tube is very robust -
any thinner would ke difficult to machine and liable to damage. Great

care was taken in bending the tube and gettinog rid of burrs.

B.2.2. Manometers

Two banks of sensitive open ended water manometers were connected
so as to read (p; - py) and (p - po) respectively. Readings of (p - po)
against (py; - p2) were then taken for all five pitots, the speed of
flow in the flume being varied from the lowest to the highest and an

accuracy of about one per cent can be expected at the lower rance.

B.3. Conclusions

(a) A simple and accurate method has been developed hy Preston(25)

for deducing the skin friction from the readings of ceo-

metrically similar round pitot tuhes located on the surface.

(b) In the developrment of this method it has keen estehblished
that there is a region near the wall of the order of 1/10th
of the boundary layer thickness in which conditions depend

only on Tor Pr Y and a suitable length.



(12)

(13)
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APPENDIX C

VELOCITY PROFILE AND MOMENTUM CURVES



3 mm Diameter Class Spheres
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